Reproductive toxicity was investigated in rats after developmental exposure to a mixture of 13 endocrine-disrupting contaminants, including pesticides, plastic and cosmetic ingredients, and paracetamol. The mixture was composed on the basis of information about high-end human exposures, and the dose levels reflecting 100, 200, and 450 times this exposure were tested. The compounds were also grouped according to their estrogenicity or anti-androgenicity, and their joint effects were tested at two different doses, with each group reflecting 200 or 450 times human exposure. In addition, a single paracetamol dose was tested (350 mg/kg per day). All exposures and a vehicle were administered by oral gavage to time-mated Wistar dams rats throughout gestation and lactation, and their offspring were assessed for reproductive effects at birth and in prepuberty. The mixture doses, which included the anti-androgenic compounds, affected the male offspring by causing decreased anogenital distance, increased nipple retention (NR), and reduced ventral prostate weights, at both medium and high doses. In addition, the weights of the levator ani/bulbocavernosus muscle (LABC) were decreased at the high dose of anti-androgen mixture. No effects were seen after exposure to the estrogenic chemicals alone, whereas males exposed solely to paracetamol showed decreased LABC weights and increased NR. Thus adverse reproductive effects were observed at mixtures reflecting 200 times high-end human exposure, which is relatively close to the safety margin covered by the regulatory uncertainty factor of 100. This suggests that highly exposed human population groups may not be sufficiently protected against mixtures of endocrine-disrupting chemicals.
Introduction
There is good evidence from animal studies that developmental exposure to environmental agents with endocrine-disrupting properties can cause adverse reproductive effects, including decreased anogenital distance (AGD), increased nipple retention (NR), altered weights and histopathology of reproductive organs, and reduced semen quality , Christiansen et al. 2009 , Axelstad et al. 2011 . The environmental agents that cause these effects often have many modes of action, but for simplicity, they are here described as being estrogenic or anti-androgenic. For both classes of compounds, it has also been shown that they can act together to produce effects at doses that individually are not associated with any observable responses (Silva et al. 2002 , Howdeshell et al. 2008 , Christiansen et al. 2009 . A majority of in vivo mixture studies have tested the combinations of anti-androgenic compounds and although the doses applied in these experiments have been in the range of no-observed-adverse-effect levels (NOAELs), they were still quite far from environmental exposures experienced by humans. Furthermore, those studies have primarily been designed to explore the predictability of mixture effects, by using various assessment concepts, rather than to investigate environmentally relevant combinations.
Based on this lack of knowledge about effects caused by environmentally relevant contaminant exposures, we have previously performed an exploratory in vivo study in rats, with a mixture of 13 endocrine-disrupting chemicals, modeled on information about environmental exposures in humans . As described in more detail in Christiansen et al. (2012) , the chemicals for the mixture were selected based on information about their endocrine-disrupting effects in vivo and available data about human exposures, to guide the choice of doses to be combined in the mixture. Other chemicals could not be included in the mixture because either their effects or their human exposures were not known, and this has constrained somewhat the selection of chemicals for the mixtures investigated in this study. Of the 13 selected chemicals, eight had predominantly anti-androgenic properties. These included the two phthalates -di-n-butyl phthalate (DBP) and di-(2-ethylhexyl) phthalate (DEHP), the five pesticides -vinclozolin, prochloraz, procymidone, linuron, epoxiconazole, and the DDT metabolite p,p 0 -DDE. The mixture also included four predominantly estrogenic substances, the two u.v.-filters octyl methoxycinnamate (OMC) and 4-methyl-benzylidene camphor (4-MBC), the phenolic compound bisphenol A (BPA), and the preservative butyl paraben (BP). Furthermore, the mixture included the analgesic drug paracetamol, which has previously been shown to act as an antiandrogen (Kristensen et al. 2011 (Kristensen et al. , 2012 . Table 1 gives an overview of the uses of these chemicals, their predominant modes of action in causing reproductive tract alterations in experimental animals, some of the relevant effects seen in rodents, together with the NOAELs and lowest-observed-adverse-effect levels (LOAELs) reported in the literature for these effects. More information about each of the chemicals and the rationale for selecting these 13 chemicals for the mixture are presented in detail in Christiansen et al. (2012) .
We used information about the potency of the selected chemicals to predict the effects of the mixture by using the point-of-departure index (PODI). This cumulative risk assessment method assumes that the joint action of mixture components can be approximated by dose addition, and that antagonisms or synergisms are not relevant , a conjecture that is supported by empirical evidence , Howdeshell et al. 2008 , Christiansen et al. 2009 ). The method uses NOAELs or benchmark doses of the individual components as input values, together with the dose of each component present in the mixture. Assuming that all mixture components act together according to dose addition, significant combination effects are only expected to occur if the PODI is O1. The PODI for the combination of the 13 adjusted human high exposure estimates summed up to 0.016 (Table 2) . This means that a mixture of dose 1.12 mg/kg per day, equal to the sum of the adjusted high-end human intakes, was not expected to produce any endocrinedisrupting effects in the rat. Even an increase in all individual doses by a factor of 62, which would bring the PODI to 1, would not be expected to produce observable joint effects. In the previous exploratory study, the primary focus was to investigate how developmental exposure to mixtures of all chosen chemicals (at doses equivalent to 150-and 450-fold high-end human exposures) affected early markers of endocrine disruption , and to investigate reproductive effects in adult and senescent offspring (Isling et al. 2013) . These doses may appear quite high at first glance, but are indeed highly relevant considering the known differences in toxicokinetics between rat and humans. It is widely accepted that higher doses need to be administered to rats to achieve comparable effects, and this is the basis for using default uncertainty factors of 100 for the extrapolation of effects in rats to humans. The study showed that even the low mixture dose (TotalMix150) caused some signs of anti-androgenic effects, as the numbers of retained nipples in the male offspring was slightly but significantly elevated compared with untreated controls. As anticipated on the basis of the PODI calculations, the male offspring exposed to the high-dose mixture (TotalMix450) showed anti-androgenic effects, including significantly increased NR and reduced weights of the ventral prostate. Exposure only to a mixture of the antiandrogenic components of the mixture (AAMix450) also caused increased NR, whereas no significant effects on reproductive organ weights were seen.
In this study, we expanded our previous investigation on early markers of endocrine disruption, after developmental exposure to a mixture of 13 contaminants (TotalMix), by comparing the effects of the total mixture with the effects of each of its subcomponents, i.e. the antiandrogens (AAMix), the estrogens (EMix), and paracetamol (PM), separately. The statistical power was increased by including larger size groups (nZ14-20) than in the exploratory study, and we placed emphasis on investigating even lower human-relevant doses, and included a dose only 100 times larger than high-end human intakes. Detailed studies on the effects of endocrine-disrupting mixture on sexual maturation, mammary development, sperm count, estrous cyclicity, behavior, serum biomarkers, reproductive organ histology in males and females, and gene expression studies on prostate and mammary gland are ongoing and will be presented in other papers.
Materials and methods

Test compounds
The test compounds in this study were DBP (purity O99.0%, Cas no. 84-74-2), DEHP (purity O99.5%, Cas no. 117-81-7), vinclozolin (purity O99.5%, Cas no. 50471-44-8), prochloraz (purity O98.5%, Cas no. 67747-09-5), procymidone 490 M Axelstad and others Table 1 Use mechanism and effect of the 13 chemicals selected for inclusion in a mixture.
Chemical Use
Mechanisms of action
Reproductive tract alterations Effects on AGD and NR NOAEL (mg/kg per day) LOAEL (mg/kg per day) DBP Phthalate, used as plasticizers Inhibitor of testosterone synthesis (Schultz et al. 2001) Cryptorchidism and decreased sperm production (Mylchreest et al. 1998 , Carruthers & Foster 2005 AGD Y, Mylchreest et al. 1998) 50 (Mylchreest et al. 2000) 100 (Mylchreest et al. 2000) DEHP Phthalate, used as plasticizers Inhibitor of testosterone synthesis (Parks et al. 2000 , Wilson et al. 2004 Cryptorchidism, testicular, and epididymal abnormalities , Parks et al. 2000 , Andrade et al. 2006 , Christiansen et al. 2010 AGD Y, Wolf et al. 1999 , Parks et al. 2000 , Christiansen et al. 2010 3 (Christiansen et al.
2010)
10 (5.0 for NR) (Christiansen et al.
Vinclozolin Dicarboximide fungicide AR-antagonist , Kavlock & Cummings 2005 ) Cleft phallus with hypospadias, cryptorchidism, vaginal pouch , increased testicular germ cell apoptosis, increased postpubertal prostatitis (Cowin et al. 2010) AGD Y, Gray et al. 1994 5 10, 5.0 for NR Reduced weight of several anti-androgen-dependent tissues, hypospadias, and cryptorchidism AGD Y, Ostby et al. 1999 10 ( 
2007)
No reproductive tract malformations detected, marked fetotoxicity in dams that were unable to deliver (Taxvig et al. 2007) No effects (Taxvig et al. 2007 94-26-8) , and paracetamol (purity O99.0%, Cas no. 103-90-2) were purchased from Sigma-Aldrich, corn oil, which was used both as a control compound and as a vehicle, was purchased from VWR -Bie and Berntsen.
Animals and exposure
A total of 156 time-mated nulliparous, young adult Wistar rats (HanTac:WH, SPF, Taconic Europe, Ejby, Denmark) were supplied at gestation day 3 (GD 3) of pregnancy. The study was performed using four blocks of 38-40 dams (separated by 1 week), and all groups were equally represented in the blocks. Animal experiments were carried out at the DTU National Food Institute (Mørkhøj, Denmark) facilities. Ethical approval was obtained from the Danish Animal Experiments Inspectorate. The authorization number is: 2012-15-2934-00089 C4. The experiments were overseen by the National Food Institutes in-house Animal Welfare Committee for animal care and use.
The animals were housed in pairs until GD 17 and alone thereafter under standard conditions in semi-transparent polycarbonate type III cages (1291H Eurostandard Type III, Tecniplast) (15!27!43 cm) with Aspen wood chip bedding (Tapvei, Gentofte, Denmark), Enviro-Dri nesting material (Brogaarden, Lynge, Denmark), and plastic shelters (Brogaarden). They were housed in an animal room with controlled environmental conditions with a 12 h light:12 h darkness cycle with 500 lux light intensity starting at 2100 h, humidity 55%G5, temperature at 21G1 8C, and ventilation, changing air ten times per hour. All animals were fed on a standard diet with ALTROMIN 1314 (soy-and alfalfa-free, ALTROMIN GmbH, Lage, Germany). Acidified tap water (to prevent microbial growth) in polycarbonate bottles (Tecniplast) was provided ad libitum.
On the day after arrival (GD 4), the time-mated dams were pseudo-randomly distributed into nine groups with similar body weight (BW) distributions. The dams received vehicle (controls), or one of the eight mixtures presented in Table 2 . These included three doses of total mixture (TotalMix100, TotalMix200, TotalMix450), two doses of anti-androgens only (AAMix200, AAMix450), two doses of estrogens only (EMix200, EMix450), and paracetamol (PM). As can be seen in Table 3 , 16 and 20 mated dams were used in each dose group, resulting in 14 and 20 viable litters per group. Dams that did not give birth were omitted from the experiment. Mixtures and vehicle were administered by oral gavage with a stainless steel probe 1.2!80 mm (Scanbur, Karlslunde, Denmark) from GD 7 to the day before expected birth (GD 21) and again after birth from PND 1 to PND 22 to cover the most sensitive windows of reproductive development in rat offspring. The day the vaginal plug was detected was designated as GD 1 and the expected day of delivery (GD 23) was designated as pup day (PD) 1. (Kang et al. 2002) , in vitro AR antagonist (Ermler et al. 2011) Decreased sperm count and motility (Kang et al. 2002) --100 (Kang et al. 2002) Paracetamol Analgesic and antipyretic Inhibitor of prostaglandin synthesis (Kristensen et al. 2011 (Kristensen et al. , 2012 Positive association between ingestion during first and second trimester and cryptorchidism in humans (Kristensen et al. 2011) AGD Y (Kristensen et al. In the gestation period, only PM was added to the mixture groups and dosed to the PM group from GD 13 to GD 19. The later initiation of PM exposure during pregnancy, i.e. GD 13 instead of GD 7, was chosen to avoid potential effects on implantation of the embryos (Gupta et al. 1981) . The termination of paracetamol dosing at GD 19 instead of GD 21 was aimed at avoiding potential effects on the ability of the dams to give birth. In the postnatal period, dams were again exposed to paracetamol from PD 14 to PD 22, as this was relevant for blood measurements of chemicals (reported elsewhere). Dose administration to the animals was done by a qualified animal technician. All doses were given in vehicle (2 ml/kg) via oral gavage during morning hours. The stock solutions were prepared by a technician just before the study was carried out and during exposure period the solutions were stored in the animal rooms. The dams were inspected twice a day for general toxicity, including changes in clinical appearance (e.g. sedation and tremor). BWs were recorded on GD 4 and daily during the dosing period to monitor a decrease or increase in weight gain and to adjust dose according to the weight. BWs of dam were used to calculate BW gain during pregnancy and maternal weight gain from start of dosing (GD 7) till the day post delivery (PD 1).
Pregnancy and postnatal development
Gestation length and body weight of dams and of individual pups were recorded after delivery in all pregnant animals. The pups were counted, sexed, and checked for anomalies. The dead pups were macroscopically investigated for changes when possible. The BW of offspring was recorded again on PD 6 and 13, and the litter size and pup survival were registered.
After weaning of the offspring at PD 22, the dams were killed and the number of implantation sites was registered to calculate postimplantation and perinatal loss.
AGD and NR
AGD measurements in all offspring were performed by the same skilled technician, who was blinded with regard to exposure group. Measurements were performed using an ocular stereomicroscope with unit markings on the ocular. In male offspring the measured AGDs were in the range of 17-27 units (i.e. 2.81-4.46 mm) and in female offspring the AGDs were in the range of 8-16 units (i.e. 1.32-2.64 mm). On PD 13, all male and female pups were examined for NR; nipple buds are located in female offspring. The registration criterion used for assessing NR on the whole data set was less sensitive in this than the one used in the exploratory study, as only nipple buds that could be felt on the skin of the offspring were registered. For comparison with the previous study, all pups from blocks 3 and 4 were additionally assessed for the presence of areolas (dark focal area that did not necessarily have a nipple bud that could be felt through the skin), and then dichotomised in terms of presence or absence of NR, i.e. a yes or no answer for each pup.
Necropsy PD 16/17
On PD 16, one male pup and, on PD 17, one female pup per litter were weighed (BW) and decapitated. Malformations of TotalMix100
TotalMix200
TotalMix450 AAMix200 AAMix450 EMix200 The composition of the tested mixtures and the rationale for the selected doses. Each of the 13 compounds was included in the total mixture in a dose based on the adjusted human intakes (1st column). The points of departure were either NOAELs or LOAELs for effects on anogenital distance (AGD) or nipple retention (NR) in previous studies, and for each compound a ratio of adjusted intakes to the point of departure was calculated by dividing the two values. The eight right columns represent the composition of each of the tested dose groups.
a See Christiansen et al. (2012) for estimates of high-end human intakes and for the adjusted intakes which were chosen as basis for the mixture study
LOAEL, see Table 1 ,
lack of information about doses affecting AGD or NR,
dams dosed with paracetamol alone or in mixture only from GD 13 to GD 19 and after birth from PD 14 to PD 22, in order to avoid problems with parturition. external genitals in males were scored (score 0-3) (as described in Metzdorff et al. (2007) ). In males, alternately the right and the left testes, both epididymides, ventral prostate, seminal vesicles, levator ani/bulbocavernosus muscle (LABC), and bulbouretral gland were excised and weighed. Male thyroid glands were excised and thyroid glands from the TotalMix450 and controls group were fixed in formalin, routinely processed for paraffin embedding, stained with hematoxylin and eosin, and examined histopathologically. Changes related to follicular cell hyperplasia and hypertrophy were scored. In females, one ovary, uterus, and thyroid were excised and weighed.
Statistical analysis
Data from continuous endpoints were examined for normal distribution and homogeneity of variance, and if relevant, transformed. AGD data were analyzed using pups' birth weights as covariate and by the AGD-index, i.e. AGD divided by the cube root of BW. The cube root transformation was used because it improves the comparison between the three-dimensional end point weight and the one-dimensional AGD (Gallavan et al. 1999 . When more than one pup from each litter was examined, statistical analyses were adjusted using litter as an independent, random, and nested factor. Organ weights were analyzed using BW as a covariate. Fisher's exact test was used for statistical evaluation of thyroid histopathology. The number of nipples (NR) was analyzed together for all four blocks and was assumed to follow a binomial distribution with a response range between 0 and q max , with q max being equal to the biologically possible maximal number of nipples in rats, either 12 or 13. The choice of q max was decided by considering the global fit (information criterion of Schwarz). Litter effects on NR and overdispersion in the data was accounted for by using generalized estimating equation (GEE). In addition, all male pups from blocks 3 and 4 were analyzed for both nipple buds and areolas, and if present they were dichotomized as an 'all or none response' for the animal. Data were analyzed in a similar way as for NR, i.e. by quantal data analysis considering litter effects and overdispersion. Statistical significance was assessed using multiple contrast tests (two-sided Dunnett contrasts, global error rate aZ5%) (Bretz et al. 2005) . These tests were chosen as they were already implemented in the SAS procedure PROC GENMOD which was used for all statistical analysis (SAS Institute, Inc., Cary, NC, USA).
Results
A statistically significant decrease in maternal weight gain was observed from GD 7 to PD 1 in the dams dosed with the highest mixture of the anti-androgens (Table 3) , but no other clinical signs of general maternal toxicity were seen. Maternal weights were not significantly affected in any dose group compared with controls during the lactation period, and no differences in gestation length, post-implantation loss, litter size, sex ratio, perinatal loss, or pup survival were seen after exposure to the different mixtures (Table 3) . BWs of male ( Body weight (BW) gain during gestation and lactation, in rat dams exposed to mixtures of endocrine-disrupting chemicals from gestation day (GD) 7 to pup day ( see section on supplementary data given at the end of this article) were unaffected when measured at birth and on days 6, 13, and 16/17. A statistically significant decrease in AGD was seen in males exposed to mixtures containing anti-androgenic compounds, at median and high doses (TotalMix200, TotalMix450, AAMix-200, and AAMix450). This effect was seen both when analyzed as AGD index (AGDI), (Table 4 and Fig. 1 ) and when the AGDs were analyzed with the birth weight of the pups as a covariate (data not shown). For the groups exposed to the mixture of antiandrogens only, the effects were dose dependent, as the high dose caused a larger reduction than the medium dose, whereas both doses together with the estrogenic compounds reduced male AGDs similarly (TotalMix200, TotalMix450). The estrogen mixture and PM on its own did not significantly affect male AGDs. In female offspring no significant effects on AGD were seen in any dose group (Supplementary Table 1 ).
The registration of NR from animals in blocks 3 and 4 is shown as percent of affected offspring and percent of affected litters in each dose group (Table 4) . Registration of pups with visible areolas from the last two study blocks showed a statistically significant increase in NR in the group exposed to the highest mixture of all 13 compounds (TotalMix450), the low and the high doses of the anti-androgenic mixtures (AAMix200 and 450) and to paracetamol (the PM group). When registered only as nipple buds in males from the whole data set, the number of nipples was significantly increased in the same three mixture groups as described earlier, whereas the effect was not statistically significant in the PM group (data not shown). The number of nipple buds in female offspring was not affected in any dose group (Supplementary Table 1 ).
In PD 16, ventral prostate weights were significantly reduced in males in the TotalMix450 group and in the AAMix200 and AAMix450 groups (Table 4 ). The LABC weights were also significantly decreased at PD 16 (Table 4) . Although a slight effect was seen in all TotalMix groups, the reduction in LABC weights was only statistically significant in the AAMix450 and the PM groups. No malformations of external male genitalia were noted. No statistically significant difference in thyroid histopathology scores was observed between males from the TotalMix450 group and controls (data not shown).
In female offspring killed at PD 17, no difference was observed for weight the of uterus or thyroid gland. Ovary weights were significantly increased in the TotalMix450 and AAMix450 groups (Supplementary Table 1 ), but comparison with results from the exploratory study indicated that this might be a chance finding.
Discussion
Significant effects on AGD, NR, and reproductive organ weights were seen in male offspring exposed to mixtures of the tested endocrine-disrupting chemicals. The majority of the 13 chemicals were present at doses below their NOAELs for endpoints relevant to disruption of male sexual differentiation. Our mixture study shows that combination effects can be demonstrated in the rat when endocrine-disrupting compounds are combined at doses 200-fold higher than estimated high-end human exposure levels. As seen in our previous exploratory study , the PODI approach was proved to be a surprisingly useful tool for anticipating the combined effects of environmental contaminants on rat offspring exposed during gestation and lactation.
The AGDIs in male offspring exposed to the higher doses of the TotalMix and the AAMix were significantly reduced by 3-5% (4.6, 4.7, 3.2, and 4.9% reduction in TotalMix200, TotalMix450, AAMix200, and AAMix450 respectively). These effect magnitudes were slightly higher than those observed in the previous study, which did not reach statistical significance (AGDI reductions of 1.1, 1.5, and 3.0% at TotalMix150, TotalMix450, and AAMix450 respectively, Christiansen et al. (2012) ). These differences between the mean AGDI values in these two studies are within the range of variation normally expected from experiment to experiment (Christiansen et al. 2010) . The observed reductions in AGDI seemed to be caused by the anti-androgenic compounds present in TotalMix, as the changes in these groups were similar to the reductions observed in the groups exposed to the anti-androgenic chemicals alone (AAMix). The addition of estrogenic compounds to the mixture did not seem to alter the anti-androgenic response, and exposure to the mixture of estrogens alone did not cause any significant effects on AGDs either. In other cases, estrogenic compounds may affect AGD or contribute additively to adverse effects caused by exposure to anti-androgens, and some of the estrogenic compounds are known to alter AGD (Boberg et al. 2013 , Christiansen et al. 2013 . The lack of effect of the estrogens tested in this study could very well be explained by the fact that the doses of these compounds included in the mixture were modeled on human exposure levels, rather than being added to the mixture based on their potency on a given adverse reproductive endpoint. When the number of nipple buds was used as the endpoint in our data analysis, a significant increase in NR was seen in male offspring exposed to TotalMix450, AAMix200, and AAMix450. When we enhanced the assessment by including areolas as an additional marker for NR, all three groups were confirmed to be significantly affected, despite the fact that the number of animals available for data analysis was reduced by around the half in each treatment group. Moreover, males exposed to paracetamol showed signs of significantly increased NR (Table 4) .
In previous studies, we demonstrated that exposure to paracetamol during development can adversely affect male reproductive development in rats, by reducing male AGDs (Kristensen et al. 2011) . The selected dose of paracetamol corresponds to a high level of human exposure (i.e. the maximum recommended dose). Such high exposure may seem quite unlikely to occur during the long time span of almost the whole pregnancy and lactation period. On the other hand, it might not have been necessary for paracetamol exposure over such a long time period to experience its adverse reproductive effects. If paracetamol by chance is taken during the most sensitive period of fetal reproductive development, a few days or weeks may be enough to affect the reproductive function of the child later in life. In a recent paper describing endocrine changes in fetal human testis exposed to paracetamol and other painkillers ex vivo, the authors suggested a critical age window for sensitivity to these compounds (Mazaud-Guittot et al. 2013) .
In this study, a paracetamol dose of 350 mg/kg per day led to significant increases in NR and reduced the weight of LABC (Table 4) , whereas a reduction in AGDI by 1.6% could not be confirmed as statistically significant. This is apparently contradicting our previous study where we observed on average a 4-7% reduced AGDI in fetal rat offspring on GD 21, with the same exposure dose (Kristensen et al. 2011) . This disagreement could, however, be explained in terms of a shortened exposure duration of 7 days in this study , compared with 15 days in the previous one (GD 7-21) and a different age of examination. The anti-androgenic effect of paracetamol in developmentally exposed rats is corroborated by findings of reduced testosterone production in ex vivo fetal rat testes (Kristensen et al. 2011 (Kristensen et al. , 2012 and by in vitro findings in adult human testes (Albert et al. 2013) . Furthermore, PM exposure during fetal development in humans has also been associated with increased risk of cryptorchidism in several epidemiological studies (Jensen et al. 2010 , 2011a , Kristensen et al. 2011 , Snijder et al. 2012 , indicating that the effects seen in the rats could be indicative of adverse effects in humans. Further examination of endocrine-sensitive endpoints later in life may clarify whether this anti-androgenic effect of paracetamol causes permanent adverse reproductive effects.
The adversity of moderately shortened AGDs or of slightly increased NR in male offspring can be debated. However, as shown in previous toxicity studies, the effects on AGD and NR are highly predictive for increased risk of adverse reproductive toxicity effects later in life, including increased incidence of hypospadias after puberty (McIntyre et al. 2001 , Bowman et al. 2003 , Welsh et al. 2008 , Christiansen et al. 2009 ). When the alterations in AGD and NR are relatively small, as in this study, we would not expect to see marked effects on genital malformations or reduced phallus length, as seen with more severe reductions in AGD (Welsh et al. 2008 , Christiansen et al. 2009 ). However, even small changes in these endpoints, if significantly different from concurrent controls, should be taken as a sign of disrupted sex hormone action during critical periods of reproductive development.
Furthermore, investigation of AGD has also proven to be a relevant endpoint with regards to disrupted sexual differentiation in humans, as recent epidemiological studies indicate that boys with hypospadias or cryptorchidism have shorter AGDs compared with boys with normal genitalia (Hsieh et al. 2008) and shorter male AGDs have been reported in humans infants prenatally exposed to high levels of phthalates (Swan et al. 2005 , Swan 2008 ).
The observed reductions in ventral prostate weights in 16-day-old males from the TotalMix450, the AAMix200, and the AAMix450 groups indicated that the anti-androgens contributed markedly to the effect of the total mixture, whereas estrogens and paracetamol did not appear to alter ventral prostate weights at this age. This was as expected, as reductions in prepubertal ventral prostate weights have been described after perinatal exposure to anti-androgens , Christiansen et al. 2009 , while the same effect of estrogens has been seen only at high dose levels. The estrogenic u.v.-filter OMC, which is present in the EMix and TotalMix, was found to reduce prepubertal ventral prostate weight only at a dose of 1000 mg/kg BW per day, which is 19 times higher than the dose applied in the highest mixture groups in this study (Axelstad et al. 2011) . In adult animals, estrogenic compounds may increase or decrease prostate weights depending on dose level (vom Saal et al. 1997 , Putz et al. 2001 . Although weights of LABC appeared lower in all TotalMix groups, the LABC weight reduction was only statistically significant in the AAMix450 and the PM groups. LABC weights are known to be sensitive to perinatal antiandrogen exposure , Christiansen et al. 2009 weights of the TotalMix450 and the AAMix450 groups was identified, and the presence of the four chosen estrogenic compounds in the TotalMix, did not appear to influence the results at the tested doses. Interestingly, there were differences between TotalMix450 and AAMix450 groups regarding testis weight, as pups exposed to AAMix450 had larger testes than pups exposed to TotalMix450, although no significant differences were seen in controls. It may be speculated that a slight increasing effect in the anti-androgens on testis weight was counteracted by a slight depressing effect in the estrogenic components of the TotalMix on testis weight. A previous study showed increasing testis weights in 16-day-old male offspring following perinatal exposure to a mixture of anti-androgenic pesticides , and a study on the estrogenic u.v.-filter OMC showed reduced testis weight in males of the same age, following perinatal exposure (Axelstad et al. 2011) .
Increased ovary weights observed in TotalMix-450 and AAMix-450 groups could indicate an influence of anti-androgens on ovarian development. However, comparison of the present results with the results from the exploratory study indicated no exposure-related differences between ovaries from control and exposed animals, which indicates that these results were chance findings.
The results of this study confirm that highly exposed women of reproductive age may not be protected sufficiently against the combined effects of chemicals that affect the hormonal milieu required for proper sexual differentiation. The PODI calculations indicated that doses 62-fold higher than the adjusted high-end human exposure estimates should be tolerated by the rat without signs of disruption of sexual differentiation. In our previous study , adverse effects on NR were demonstrated at 150-fold higher doses, whereas this study showed clear effects on AGD, NR, and prostate weight at 200-fold higher doses.
The concerns about insufficient margins of safety for highly exposed population groups have to be discussed in the context of accessible exposure estimates, and in the light of the limitations of the study and the constraints that we faced when selecting the chemicals for the study. As background exposure to possible endocrine-disrupting chemicals present in polycarbonate water bottles, cages, and in nesting material was not controlled in this study, a background exposure to, e.g. BPA is possible. Such exposure is, however, in our opinion not very likely to have made a measurable contribution in the exposed groups, as the doses of BPA present in the mixtures were between 0.15 mg/kg per day (TotalMix100 group) and 0.675 mg/kg per day (TotalMix450 group), which is far higher than the doses estimated from migration of BPA from polycarbonate bottles into drinking water . Based on these data, we estimate (worst case) that migration to drinking water might have resulted in BPA doses of around 1% of those used in the mixtures. However, the possible background exposure to BPA could have increased variation in the control group, thereby reducing the sensitivity of the study.
A further premise was that certain populations might experience high exposures to all of the selected chemicals simultaneously. At the time the mixture was designed, only very limited data on co-occurrence of several chemicals in one and the same individuals were available. However, recently published data from biomonitoring studies indicate that co-occurrence of high levels of environmental contaminants like phthalates, phenols, and parabens does occur, as high individual exposures to one chemical was shown often to be associated with high exposure to the other measured chemicals (Frederiksen et al. 2013a (Frederiksen et al. , 2013b . These data indicate that it is conceivable that certain individuals could have higher than average simultaneous exposure to a large part of the chemicals used in this study.
As also discussed in Christiansen et al. (2012) , knowledge gaps concerning the in vivo effects of other candidate compounds prevented inclusion of a wider range of chemicals in the mixture. Quantitative Structure-Activity Relationship (QSAR) analyses have predicted that w10% of the 30 000 chemicals listed in the European Inventory of Existing Commercial Chemical Substances (EINECS) display AR antagonism (Vinggaard et al. 2008 , Jensen et al. 2011b . Therefore, the chosen chemicals cannot be regarded as being entirely a representative of the spectrum of combined exposures encountered by human populations. It is likely that the inclusion of a wider range of chemicals would have led to more pronounced disrupting effects and correspondingly lower margins of safety. However, it should be noted that human exposure to many of these agents is intermittent, and not continuous, as in this experiment. The average human exposures may therefore be lower, but as peak exposures during vulnerable periods are critical during fetal reproductive development, then information about average exposures may be of limited value in predicting risks.
The traditional focus of risk assessment on single chemicals is shifting toward considering combination effects . Our work shows that such efforts can be supported by using the PODI method, perhaps even without conducting time-consuming and costly animal experiments. The present data demonstrate that exposure of the developing mammal to a mixture of estrogenic and anti-androgenic chemicals can affect sexual development. As adverse reproductive effects were observed at mixtures reflecting 200 times high-end human exposure, which is relatively close to the safety margin covered by the regulatory uncertainty factor of 100, the results suggest that highly exposed human population groups may not be sufficiently protected against mixtures of endocrine-disrupting chemicals. Further investigation of reproductive effects in adult and senescent offspring, as well as studies on mammary gland differentiation, gene expression analysis in the developing brain, and effects on neurobehavioral development may clarify if adverse endocrine-disrupting effects can be seen at 100-fold high-end human exposure levels.
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